Motivation: The recently developed direct coupling analysis (DCA) method has greatly improved the accuracy with which residue-residue contacts can be predicted from multiple sequence alignments. Contact prediction accuracy, though, is still often not sufficient for complete ab initio protein structure prediction. DCA can, however, support protein structure studies in several ways. Results: We show that DCA can select the better structure from among properly folded and misfolded variants. This idea was tested by comparing obsolete PDB files with their more correctly folded successors and by the comparison of structures with deliberately misfolded decoy models from the Decoys 0 R 0 Us database. The DCA method systematically predicts more contacts for properly folded structures than for misfolded ones. The method works much better for X-ray structures than for NMR structures. Availability and Implementation: All data are available from http://comprec-lin.iiar.pwr.edu.pl/ dcaVSmisfolds/ and http://swift.cmbi.ru.nl/dcaVSmisfolds/.
Introduction
Knowledge about the three dimensional structure of proteins is a prerequisite for studies on their behaviour or stability, or their role as a target in drug design. The traditional methods for structure determination are either experimental, such as X-ray crystallography, electron microscopy and NMR, or in silico like homology modelling. Experimental methods are costly and time-consuming while homology modelling relies on the availability of a structure of a homologous protein. Therefore, computational methods that allow for protein structure reconstruction from their sequence only have long been sought. One of the methods that can help in achieving this task is the recently developed direct coupling analysis (DCA) method (Cocco et al., 2013; Ekeberg et al., 2013; Feinauer et al., 2014; Morcos et al., 2011; Skwark et al., 2013) . DCA tries to convert the footprint that evolution left in the sequences of a protein family into information about residues that are in contact in the folded protein. A contact is defined as two amino acids that are within a specific distance in the protein structure. Predicted contacts can then be used as restraints in the reconstruction of the threedimensional structure of a protein (Bohr et al., 1993; Konopka et al., 2014; Saitoh et al., 1993; Sathyapriya et al., 2009; Skolnick et al., 1997; Taylor, 1993; Vendruscolo et al., 1997) .
The main assumption of methods based on correlated mutations is that if two sequence positions are important for protein structure or function, and one of these residues mutates, then the other one also should mutate to compensate. Correlated mutations therefore often indicate either a functional relation between residues or a residue-residue contact. DCA-based methods analyze the occurrence of correlated mutations in multiple sequence alignments (MSA) and enrich the fraction of pairs of correlating residue positions that are indicative of a residue-residue contact. Although impressive, the $40% average accuracy for the 100 strongest predicted contacts provided by the present day DCA methods is insufficient for generally applicable ab initio 3D protein structure prediction because it is V C The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com not known which $40 of those 100 strongest predicted contacts are true contacts and which $60 are not. DCA has proven useful, though, for more specialized structure prediction tasks such as transmembrane protein structure prediction (Hopf et al., 2012; Wang and Barth, 2015) , RNA secondary structure prediction improvement (De Leonardis et al., 2015) , and protein-protein interaction prediction (Guo et al., 2015; Horn et al., 1998; Iserte et al., 2015) . Here we show that DCA also can support protein structure prediction and determination methods by selecting the properly folded protein from among misfolded ones. Olmea et al. (1999) introduced a measure that described distance distributions of highly conserved or correlated residue pairs, and all other pairs. Analyses of such measures, calculated for a native structure and its decoys, allowed them to distinguish between properly and improperly folded structure. Studies were performed on a large set of protein-model pairs (from 3500 to 4500 pairs). Models were intentionally misfolded proteins obtained with a threading algorithm followed by homology modelling. An additional restraint was that each protein family must at least have 10% of its residues conserved or correlated. Combining conservation, correlation and polarity, they achieved an almost perfect discrimination between native and incorrectly folded proteins, a result we now improve on by using DCA rather than unfiltered correlated mutation results.
Eight years later Eyal et al. presented P2PMAT-a structurally derived pair-to-pair substitution matrix (Eyal et al., 2007) that was developed to predict protein residue-residue contacts from MSA information. P2PMAT performed better than other contact prediction methods available at that time. The authors also showed the ability of their method to identify native structures within a set of decoys. The decoys were selected from different sources including the Decoys 0 R 0 Us database. After applying restraints regarding the number of sequences in the Pfam alignment (no less than 10) and the number of gaps (no more than 50%), 10 protein structures with corresponding decoy sets were selected. Decoy sets contained from 300 to 2000 structures. In 4 out of these 10 sets the native structures were ranked in 0.3% of decoys and in 8 out of 10 they were within the top 10% of all decoys (Eyal et al., 2007) . Sadowski et al. (2011) applied one of the very first implementations of DCA to rank folds and discriminate the native fold from a large set of decoys. These studies were performed on a group of 5 PDB entries and their decoys were generated using the PLATO server (Taylor et al., 2008) . The number of decoys ranged 8000-30 000 per protein. First the decoys were ranked by PLATO and then ranked using a combination of the PLATO score and a score coming from DCA results. The DCA score was a sum of the distances between pairs of residues over the list of contacts indicated with DCA. The results showed that application of DCA information resulted in an improvement in the rank of the true fold in a set of decoys (Sadowski et al., 2011) .
In all studies mentioned above, authors used intentionally misfolded structures as decoys which were prepared using ab initio structure prediction (Sadowski et al., 2011) or threading followed by homology modelling (Eyal et al., 2007; Olmea et al., 1999) . Their aim was to select a native structure from a large set of decoys. In one case of our studies we also use intentionally misfolded models from the Decoys 0 R 0 Us dataset but we always compare only two structures at a time. In such cases, however, our procedure is able to indicate the properly folded structure with 100% accuracy. Our main focus, though, is a more practical (and more difficult) dataset consisting of obsolete and successor PDB files. The obsolete structures were not purposely misfolded so the differences between the structures are not that easy to detect.
There are over 2500 obsolete structures in the PDB (Berman et al., 2000) . A common reason for making a structure obsolete is replacement by a further refined version. In these cases the newly refined structure usually does not differ much from the superseded PDB entry. Sometimes, there is no information about some loops or domains in the earlier version of the structure and the structure gets replaced in the PDB when this information becomes available. Occasionally, the original structure was misfolded, and became obsolete when replaced by a more correct version. We study these latter cases and conclude that DCA strongly favours the properly folded structure over the misfolded one.
Many examples of protein structures underwent (sometimes elaborate) paths of deposition and correction. The gene V protein, for example, was first solved incorrectly in 1983 (PDB id ¼ 1GN5) (Brayer and McPherson, 1983) . The authors superseded this structure a few years later by the equally misfolded 2GN5 (unpublished), while the correct structure was solved in 1995 by NMR (Prompers et al., 1995) . Today the 2GN5 entry is still available from the PDB, with the same references as 1GN5, and has not been obsoleted. Photoactive yellow protein was first deposited in 1989 as a betabarrel (1PHY; McRee et al., 1989) . The unknown chromophore was modelled as a retinal bound to Lys111 in the beta-barrel via a Schiff base (McRee et al., 1989) . However, chemical analyses showed that the chromophore was not a retinal and that it was attached to Cys69 (Van Beeumen et al., 1993) . Subsequent analyses by NMR and mass spectrometry (Hoff et al., 1994) , as well as chemical analyses combined with mass spectrometry and crystallography (Baca et al., 1994) identified the chromophore as p-coumaric acid. When the misinterpretation of the electron density was discovered, the updated structure became entry 2PHY (Borgstahl et al., 1995) , which is an alpha/beta-fold with a coumaric acid attached, rather than a beta-clam with a retinal in it. Here too the correct structure was solved by NMR (Dux et al., 1998) . The dynein light chain 2A from mouse (1Y4O) and from human (1TGQ) share 96% sequence identity, but nevertheless essential structure differences were observed (see Fig. 1 ) (Nabuurs et al., 2006) . Reanalysing these structures, they showed that the mouse protein structure was more correct. It was later discovered that the oligomeric state of 1TGQ was accidentally kept at 1 during structure determination. Therefore the (1TGQ) is shown in red with its strongly bent helix in orange. This helix became bent by 180 degrees because NOEs between the helices in the dimer were placed on one helix in the monomeric structure. That way contacts between the N-terminal end of the long helix in the one monomer and the C-terminal end in the other were actually used as contacts between the ends of one and the same helix. The authors could have realized that helices do not tend to make 180 degree bends. DCA rarely predicts contacts between residues at opposite ends of helices, but if it does, these contacts tend to be caused by inter-domain contacts NMR spectra of 1TGQ were interpreted as obtained from a monomer, not a dimer. Nabuurs et al. have validated a great number of other NMR structures from the PDB, indicating many more such examples (Nabuurs et al., 2006) .
We counted the number of correctly predicted contacts among the strongest 100 predictions made by DCA for a set of obsolete PDB files and their successors and for 22 proteins for which the Decoys 0 R 0 Us database (Samudrala and Levitt, 2000) provided properly folded and misfolded structures. These counts were related to structure similarity scores, such as RMSD or TM-score (Zhang and Skolnick, 2005) . DCA predictions enabled distinguishing misfolded from properly folded structures. The method will not detect misfolded proteins per se, but when a protein structure experimentalist needs to choose between alternative folds for the same protein, DCA seems a useful aid.
Materials and methods
Two residues were regarded in contact when the distance between their Ca atoms was less than 8 Å (Monastyrskyy et al., 2014) . Residue pairs were only considered for contact prediction when they were separated in a sequence by at least four positions. Ca atoms were used to define contacts rather than the more often used Cb atoms because for $1/7th of the structures used in this work only the coordinates of Ca atoms are available. TM-align (Zhang and Skolnick, 2005) was used to quantify differences between two alternative structures of the same protein using the RMSD and TM-score. The first step of TM-align is the generation of residue-to-residue alignment based on structural similarity. The RMSD is calculated only for structurally aligned residues. The TM-score measures the global fold similarity on a scale from 0 to 1, with 1 indicating that the two structures are identical. Two randomly chosen proteins tend to give a TM-score below 0.2, while structures with the same fold, according to SCOP (Murzin et al., 1995) or CATH (Sillitoe et al., 2015) , tend to score above 0.5 (Zhang and Skolnick, 2005) .
The obsolete and their more recently deposited superseding structures (from here on called 0 successors 0 ) were obtained from the 0 Summaries of PDB Data 0 section of the PDB website (Berman et al., 2000) . The obsolete structures were downloaded from the European Bioinformatics Institute (EBI) FTP server. The successors were downloaded from the Worldwide Protein Data Bank FTP server. The list of obsolete and successor pairs consists of 2421 pairs. There are also 108 obsolete PDB structures which have not been superseded yet. Blast (Camacho et al., 2008) was used to search for the PDB entry with the highest sequence identity to each of these 108 obsoletes. If a structure was found with 100% sequence identity and coverage higher than 90%, it was used as the successor. Sequences shorter than 40 amino acids were removed, and so were obsolete-successor pairs with an RMSD below 1.1 Å and a TMscore above 0.9 (these cut-offs were manually optimized to remove the many cases where the successor merely reflects an improvement of structure details). Pairs for which coordinates were not available in PDB format were also removed. The final dataset consisted of 152 pairs-42 from X-ray and 110 from NMR. Only the first model was used from each NMR structure ensemble. The structures that were determined with electron microscopy were not examined because there were only very few examples.
The so-called 0 misfold set 0 of the Decoys 0 R 0 Us database (Samudrala and Levitt, 2000) contains 26 structure pairs gathered from the studies of Holm and Sander in 1992. Each pair consists of the proper structure and coordinates for the same sequence modelled on a template with a different fold (Holm and Sander, 1992) . Again, sequences shorter than 40 amino acids were removed, and so were the pairs with the RMSD lower than 1.1 Å and the TM-score above 0.9. The final dataset consisted of 22 pairs. For each of these 22 pairs, the properly folded structure had been determined with X-ray. GplmDCA was used (Feinauer et al., 2014) to calculate DCA scores for pairs of residues. Input MSAs for gplmDCA were created with HHblits (Remmert et al., 2011 ) the same way as it was done by the authors of gplmDCA to test their method. Therefore, the HHsuite 2.0.16 with a bundled uniprot20_02Sep11 database was used and five iterations with an E-value cut-off of 1.0 were performed. MSAs were not filtered during the search (using the HHsuite parameter -all). Pairs of positions for each protein were sorted in descending order of the DCA score. The 100 strongest predicted pairs of contacting residue positions were examined, and the percentages of correctly predicted contacts always refer to these 100 pairs. This number 100 was manually optimized. We investigated also the results when the L/2 strongest predicted pairs were used (where L is the sequence length). These results (presented in Supplementary Materials) differ only marginally from typically used 100 strongest predictions. When one of these 100 contacts was actually observed in the structure we called it a correct prediction, independent of the structure being properly or improperly folded. Predicted contacts that were observed as real contacts in either the proper structure or its misfolded alternative (but not in both) were called differentiating contacts, unless the difference between their contact distances was less than 1 Å . If the number of differentiating contacts is positive then more contacts are predicted correctly for the properly folded structure. The sequence of the obsolete protein was not identical to the sequence of its successor in 33 out of 152 cases. For these cases the MSAs were created separately and the hundred highest scoring pairs shared by both alignments were used. Predicted and real contacts were mapped on structures using WHAT IF (Vriend, 1990 ) and visually inspected with YASARA (Krieger and Vriend, 2015) . Results were analyzed quantitatively using Java 1.7 and MATLAB scripts. All data calculated in this study are available from http://comprec-lin.iiar.pwr.edu.pl/dcaVSmisfolds/ and from http://swift.cmbi.ru.nl/dcaVSmisfolds/.
Results
Several examples of misfolded proteins that were corrected later are well documented in literature. First, we discuss a few of them in which DCA not only differentiates between two variants of the same protein, but also correctly predicts more contacts for the successor structure in functionally or structurally important regions. DCA statistics for these examples are given in Table 1 . Second, we examine the ability of DCA to differentiate between properly folded and misfolded structures in a more general manner.
The protein S.olivochromogenes xylose isomerase catalyzes the interconversion between glucose and fructose. It is one of the oldest examples of a structure that was superseded because it was severely misfolded. The misfolded version was deposited in 1989 as the entry 3XIA (Farber et al., 1989) and the 1XYA entry of its successor was deposited five years later (Lavie et al., 1994) . Lavie et al. mentioned that several structure fragments did not match the residue sequence (Lavie et al., 1994) and the electron density of several side chains seemed to not match the residue types (Farber et al., 1989) . Lavie et al. obtained a properly registered model by correcting the sequence at 13 locations and by studying high-resolution xylose isomerase structures from other species (Lavie et al., 1994) . The RMSD of 3XIA and 1XYA is 1.84 Å while the TM-score is 0.88, which suggests that they have the same fold (TM-score > 0.5) but the structural differences are large enough to lead to significant residue contact differences. Indeed, out of the 100 strongest predicted contacts 11 and 48 were observed in the obsolete and successor PDB entry, respectively. Eight of these contacts were the same in both structures. Xylose isomerases bind two magnesium ions that are important for the enzymatic activity (Lavie et al., 1994) . Several of the strongest predicted differentiating contacts involved residues related to the binding of these magnesium ions.
1PHY and 2PHY are the obsolete and successor entries, respectively, of the photoactive yellow protein (PYP) in complex with the 4-hydroxycinnamyl chromophore. PYP was deposited in the PDB first in 1989 (McRee et al., 1989) . Unfortunately, the electron density map had been misinterpreted and the chromophore identity was not known yet at that time. Six years later Borgstahl et al. (Borgstahl et al., 1995) showed that there were problems with the experimental data and the model. They re-determined the structure of PYP, and found it rather different from the original misfolded one (see Fig. 2 ). The RMSD and TM-score for the 1PHY-2PHY pair were 4.47 Å and 0.33, respectively. Of the 100 strongest contact predictions, 7 and 54 were observed in the obsolete and the successor entry, respectively, with only 4 predicted contacts in common.
ABC transporters are integral membrane proteins. They are composed of two nucleotide-binding domains that contain an ABC signature motif, and two transmembrane domains. In 2006 Chang et al. retracted five publications about the ATP-binding cassette transporter MsbA (Chang, 2003; Chang and Roth, 2001; Reyes and Chang, 2005) and the EmrE multidrug transporter (Ma and Chang, 2004; Pornillos et al., 2005) . The errors in the MsbA structures were noticed when the structure of the bacterial ABC transporter Sav1866 (Dawson and Locher, 2006) was found inconsistent with MsbA, and a polemic arose in the scientific literature about the origin of the problem (Chen et al., 2007; Matthews, 2007; Ward et al., 2007) . Finally, 1PF4, 1JSQ, 1Z2R, 1S7B and 2F2M were retracted and became obsolete in 2006. They have not yet been superseded in the PDB. However, for each of these five obsolete structures Blast found a PDB entry with 100% sequence identity. These were in fact re-determined structures deposited by Chang's group in 2007 (Chen et al., 2007; Ward et al., 2007) that have not been reported in the PDB as the successors of the previously retracted entries.
We discuss here the 1PF4 entry of ABC transporter MsbA from Vibrio cholera. Table 1 lists contact prediction summaries for the other MsbA obsolete-successor pairs. According to Blast the successor of 1PF4 is 3B5X. The RMSD for the obsolete and its successor is 7.38 Å while the TM-score is 0.28. These two structures resemble each other's mirror, which seems in agreement with Chang et al. (Chen et al., 2007; Ward et al., 2007) . If they were ideal mirrors, though, then all contacts would be identical in both structures. The contact maps of 1PF4 and 3B5X are not the same, indicating that mirroring was not the only problem in the obsolete structure, and therefore the DCA method could be discriminative. Among the 100 strongest predicted contacts we found 4 that were observed only in the obsolete structure and 40 observed only in the successor structure, while 8 were observed in both structures.
EmrE is a multidrug transporter that sends hydrophobic and positively charged drugs through the inner membrane of Escherichia coli. It is also responsible for the resistance of bacteria to a variety of toxic ligands. EmrE is a homodimer and each monomer is composed of four transmembrane helices. The first three helices surround the substrate binding chamber (Chen et al., 2007) and the fourth helix takes part in dimer formation. In 2004, Chang et al. reported the structures of EmrE in the unbound form (1S7B) and in complex with TPP (2F2M) (Ma and Chang, 2004; Pornillos et al., 2005) . These structures have been retracted because of a wrong assignment of helices in the TPPbound model and because of the aforementioned hand problem. Three years later the structures were published again (now with the correct hand) and deposited as PDB entries 3B61 and 3B5D for the apo and TPP-bound form, respectively (Chen et al., 2007) . These, by the way, also have not been annotated in the PDB as successors. We analyzed the predicted contacts for the unbound form of EmrE which is the 1S7B-3B61 PDB entry pair. DCA correctly predicted seven contacts for the successor entry and three for the obsolete one. The DCA prediction accuracy for the TPP-complex form (3B5D) is considerably higher with 19 correctly predicted contacts. These results lead to two conclusions. First, the successor differs from the obsolete entry mainly in the hand of the structure. EmrE is a small protein (about 100 residues) and the folding of its helices is very similar in both 1S7B and 3B61. However, despite very similar numbers of properly predicted contacts in the obsolete structure and its successor, the RMSD for this TP(100)-number of properly predicted residue-residue contacts among the 100 strongest predicted contacts. pair is high (3.75 Å , see Table 1 ). The reason is that these structures are mirrors of each other and not many other structural differences exist between them. Second, the DCA algorithm was more accurate in contact prediction for the TPP-complex form than for the apo form. This suggests that correlated sequence positions in the MSA are more related to the function of the protein than to its structure. Nevertheless, in both cases (apo and holo) DCA predicted more contacts correctly for the successor structure than for the obsolete one.
In our obsolete-successor set 42 out of the 152 obsolete-successor pairs result from X-ray experiments, and 110 from NMR. The complete list of these pairs, together with numbers of predicted and differentiating contacts and number of sequences in the MSA for each pair, is included in the Supplementary Materials. We treat X-ray and NMR cases separately because the average X-ray structure in our dataset is twice as big as the average NMR structure (see Fig. 3) , and, when things go wrong, NMR structures tend to get misfolded more severely than X-ray structures. We are not surprised about this observation, given the types of experimental data available to determine a structure by X-ray or NMR, but that is beyond the scope of this article. In all cases there was at least one author shared between the references for the obsolete structure and the successor structure. Figure 4 shows the number of correctly predicted contacts in all 152 pairs. To show that the success is not a coincidence, we ran the Wilcoxon's rank sum test. The p-values were 4.35 Â 10 À4 and 4.27 Â 10 À2 for X-ray and NMR pairs, respectively, indicating that the median of properly predicted contacts for the successor structures was significantly different from the median of the obsolete structures. Figure 4 shows that this median is always higher for the successors, which proves that our procedure can differentiate between obsolete and successor structures. The power to differentiate between obsolete and successor structures is greater for X-ray than for NMR, as can be seen from the large difference in differentiating contacts. This makes good sense because the NMR structures in our dataset are on average half the size of the X-ray structures (Fig. 3) so that their fraction of residue pairs that is within 8.0 Å of each other by chance alone is already larger. Indeed the predicted contacts were less discriminative for the smaller X-ray structures than for the larger ones, and Figure 4 would look better if we would reject all structures smaller than 100 amino acids. Additionally, we believe that several NMR successor structures still are not folded properly yet, and several other structures are meaningless from our DCA point of view because they are natively disordered and contain, for example, just one short helix.
In the second experiment the 100 strongest predicted contacts were analyzed for the misfold set of the Decoys 0 R 0 Us database. Figure 5 shows the number of contacts predicted correctly in misfolded and properly folded structures. The results shown in Figure 5 indicate that the DCA method works better for the Decoys 0 R 0 Us structure-decoy pairs than for the X-ray obsolete-successor pairs. The number of contacts predicted correctly for the decoys is on average much smaller than for the obsolete structures. This is not surprising because the decoys were deliberately made very wrong while in the case of the obsolete X-ray structures often large parts of the molecule are similar to their successors. Figure 6 shows the TM-score and RMSD values of obsoletesuccessor pairs determined with X-ray crystallography and pairs from the Decoys 0 R 0 Us database. All examples of obsolete-successor pairs discussed above are explicitly indicated in these two plots. The dashed lines in Figure 6 indicate zero discriminatory power of the DCA prediction. The farther above the line, the stronger DCA discriminates the properly folded structure from the obsolete one or from the decoy. Eight black circles in Figure 6 fall below the dashed lines. These represent the obsolete-successor pairs: 2RA7-1OW6 (Hoellerer et al., 2003; Magis et al., 2007) , 1ABX-2ABX (Agard et al., 1982; Love and Stroud, 1986) , 1CY3-2CY3 (Czjzek et al., 1994; Pierrot et al., 1982) , 1KC9_T-1NWK_T (Harms et al., 2001) , 1KC9_X-1NWK_X (Harms et al., 2001) , 1MON-3MON (Kim et al., 1988) , 1MON_B-3MON_B (Kim et al., 1988) and 4EW8-4Q20 (Joint Center for Structural Genomics, 2012) . Chain identifiers were indicated only if they are neither A nor blank. DCA predicted only one more correct contact for 2RA7 than for 1OW6. In fact, if chain A of 2RA7 is compared with chain B of 1OW6 there is no difference in predicted contacts. In one case (2ABX) the successor structure probably is not folded fully correct yet as could be concluded from comparing it with structures of homologs in the PDB. 1CY3 and 2CY3 are small proteins that contain 4 heme groups. Consequently, these structures hold very few protein-protein contacts and very many protein-heme contacts that cannot be predicted by DCA. 1NKW is a ribosome-structure, and in such structures many amino acids make more contacts with RNA than with other amino acids. The case of (1MON, 3MON) is interesting because they involve a domain swapped helix. Inspection of the electron density (R Joosten, personal communication) strongly suggests the obsolete structure to have the correct connectivity and the successor therefore to be misfolded. The only structural difference between 4EW8 and 4Q20 is the location of the first helix relative to the second one. These two helices create a dimer interface. All differentiating contacts are observed between these two helices and thus are dimer related rather than related to the one monomer, reminiscent of the 1Y4O-1TGQ (Nabuurs et al.) case illustrated in Figure 1 .
Discussion
We showed that DCA can be used successfully to discriminate between misfolded protein structures that have been made obsolete in the PDB and their properly folded successor structures. The method is based on counting the number of correctly predicted residue-residue contacts, which places some limitations on the applicability of the method. If, for example, proteins are very small (like most NMR structures) then very many contacts are found by chance alone, when two proteins are bent with respect to each other then most contact distances will differ only marginally, and when two proteins are each other's mirror images then all contacts will be identical. In our studies we also used intentionally misfolded models from the Decoys 0 R 0 Us dataset. In such a case our procedure was always able to indicate the properly folded structure with 100% accuracy. For the DCA calculations we used gplmDCA, which is presently one of the best performing DCA programs. We compared our results for subsets of the NMR and X-ray derived obsolete-successor pairs with those obtained using mfDCA (Morcos et al., 2011) , which is one of the first DCA implementations. mfDCA uses MSAs from Pfam (Finn et al., 2016) . In our study, mfDCA gave similar results as gplmDCA. It worked well for the same pairs as gplmDCA, and it indicated successors incorrectly for the same cases. The numbers of differentiating contacts for obsolete-successor pairs, though, were lower for mfDCA than for gplmDCA, in line with the higher prediction accuracy of gplmDCA (Feinauer et al., 2014) . This experiment shows that our procedure is not dependent on one particular DCA version and it suggests that future, yet even better DCA-like methods are likely to even better discriminate structure pairs.
The 1Y40-1TGQ case, for example, is very difficult to analyze automatically, but having seen the very poor local packing score for the orange helix in Figure 1 , Nabuurs et al needed only little time to come up with the idea that this had to be one long helix (Nabuurs et al., 2006) . If they had the DCA results (that indicated strong contacts between the beginning and the end of that helix) available to them, then the idea that it had to be a dimer would also have come without looking at the structure of the mouse ortholog (that was not available yet at the time of depositing the human protein's structure). If used automatically, our method is not well applicable for homooligomers. DCA, by indicating a strong contact between two ends of one long helix in the 1Y40-1TGQ case, would favour the obsolete structure over the successor one. Also, it might be difficult to use our method for cases where a protein has multiple conformations, e.g. because of ligand binding. This has been shown for the EmrE case where the DCA algorithm was more accurate for the holo (3B5D) form than for the apo (3B61) form. Their sequences are identical and they are both properly folded structures but if they were compared with each other, not with their obsolete entries, our method would indicate that the 3B5D is a proper structure. Artificial intelligence software will have to be designed and implemented, though, to convert our method into a web-server that will unambiguously decide which of the two is folded more properly in such difficult cases. However, we believe that DCA can be useful in the hands of a non-artificially intelligent experimentalist solving, or working with, 3D protein structures.
We can imagine that the DCA method opens new possibilities for protein structure experimentalists, for example to select Molecular Replacement (MR) targets in difficult situations where no structures of close homologs are available, or to select the better homology modelling template from among very different, very remote homologs. We also believe that DCA can be helpful when making difficult decisions about domains that may be domain-swapped. The case of 1MON-3MON, for which we believe the obsolete structure to be more correct than its successor, is a telling example.
